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Abstract 
The viability of carbon capture and storage (CCS) to reduce emissions of greenhouse gases depends on the ability to safely 
sequester large quantities of CO2 over geologic time scales. One concern with CCS is the potential for induced seismicity. We 
report on ongoing seismic monitoring by the U.S. Geological Survey (USGS) at a CCS demonstration site in Decatur, IL, in an 
effort to understand the potential hazards posed by injection-induced seismicity associated with geologic CO2 sequestration. At 
Decatur, super-critical CO2 is injected at 2.1 km depth into the Mt. Simon Sandstone, which directly overlies granitic basement. 
The primary sealing cap is the Eau Claire Shale at a depth of about 1.5 km. The USGS seismic network was installed starting in 
July 2013 and consists of 12 stations, three of which include borehole sensors at depths of 150 m. The aperture of this network is 
about 8 km, centered on the injection well. We derived a one-dimensional velocity model from a vertical seismic profile acquired 
by Archer-Daniels-Midland (ADM) and the Illinois State Geological Survey (ISGS) to a depth of 2.2 km, tied into acoustic logs 
from a deep observation well and the USGS borehole stations. We assume a constant ratio of P- to S-wave velocities of 1.83, as 
derived from simultaneous earthquake relocations and velocity inversions. We use this velocity model to locate seismic events, 
all of which are within the footprint of our network. Moment magnitudes of events located to date range from -1.52 to 1.07. We 
further improved the hypocentral precision of microseismic events when travel times and waveforms are sufficiently similar by 
employing double-difference relocation techniques, with relative location errors less than 80 m horizontally and 100 m vertically. 
Relocated seismicity tends to group in three distinct clusters: a0.4 to 1.0 km NE, 1.8 to 2.3 km N, and a2.0 to 2.6 km WNW from 
the injection well. The first cluster of microseismicity forms a roughly linear trend, which may represent a pre-existing geologic 
structure. Most of these micro-earthquakes occur in the granitic basement at depths greater than 2.2 km, well below the caprock, 
and likely do not compromise the integrity of the seal. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Geologic sequestration of CO2 can play an important role in limiting the emission of CO2 into the atmosphere [1]. 
For geologic sequestration to be a viable option for reducing greenhouse gas emissions, large-volume injection of 
super-critical CO2 into deep sedimentary formations is required, as these formations offer large pore volumes, high 
permeability and are widespread [2]. However, the potential for induced seismicity associated with injection of CO2 
into deep formations must be evaluated before large-scale carbon capture and storage (CCS) can be adopted safely 
[3]. If pre-existing faults are large and critically stressed, seismic events could occur that are large enough to pose a 
risk to surface facilities or seal integrity [4,5]. If seismicity occurs within the caprock, even seismic events with 
magnitudes of 2 to 3 might be large enough to compromise the seal. 
 
Fig. 1.Overview of USGS Decatur seismic network (green triangles), the CCS#1 injection well (black square), and seismicity (dots) scaled by 
moment magnitude  (-1.5 < Mw < 1.07) and color-coded by event time (locations in WGS84). Inset shows the map location (red square). Air 
photo (from Google-Earth) is included for reference, but is not ortho-rectified. 
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The Decatur, IL, CCS demonstration site is the first (and to date only) CCS project in the U.S. employing high-
volume CO2  injection into a regionally extensive, undisturbed saline formation, and thus serves as an ideal test case 
for future large-scale deployments of CCS [6]. The formation targeted for injection is the Mt. Simon Sandstone, a 
regionally extensive formation with high porosity and permeability, which has the potential to host future CCS 
projects due to its favorable hydrologic characteristics and proximity to industrial point sources [7]. At Decatur, 
super-critical CO2 is injected at 2.1 km depth into the 550-m-thick Mt. Simon Sandstone, which directly overlies 
Precambrian granitic basement.  The primary sealing cap rock is the Eau Claire Shale, a 100- to 150-m-thick unit at 
a depth of roughly 1.5 km.  
The Decatur Project major partners are the Department of Energy (DOE), the Illinois State Geological Survey 
(ISGS), Archer Daniels Midland (ADM) and Schlumberger Carbon Services. The ISGS manages the ongoing 
Illinois Basin - Decatur Project, a three-year project beginning in November 2011, during which carbon dioxide is 
injected at a rate of a1000 metric tons/day [6,8]. ADM manages the nearby Illinois Industrial Carbon Capture and 
Storage project, which, pending permit approval, will add a2000 metric tons/day to the total injection rate in 2015. 
The USGS installed a 12-station seismic network at Decatur starting in July 2013, including three borehole sensors 
(Fig. 1). The USGS seismic network provides good detection and azimuthal (focal sphere) coverage for 
microearthquakes with moment magnitudes (Mw) above about -0.5. The Decatur Project partners employ two down-
hole seismometer strings, one with 24 currently operating three-component sensors and another with sensors in the 
Mt. Simon and the Eau Clair Shale, which have been running since May 2011 [9]. These down-hole strings are 
superior in detection of very small events (Mw < -0.5), but lack the spatial and focal sphere coverage the USGS 
network provides. Here we summarize initial results from the 12-station USGS surface and shallow borehole 
network at the Decatur CCS demonstration site.  
2. Network setup and analyses 
The USGS seismic network was installed between July 2013 and August 2013. Of the 12 stations in the network, 
nine are equipped with both a three-component broadband seismometer (Trillium Compact) and a three-component 
force-balance accelerometer (Episensors). Three of the surface stations retain the accelerometers at the surface but 
have three-component, high-sensitivity geophones installed in ~150-m-deep wells (Oyo Geospace). The stations 
consisting of borehole and surface sensors record at 500 samples/sec, whereas the remaining sensors record at 200 
samples/sec. Data are continuously transmitted to the USGS via cellular modems and are stored internally onsite. 
The network has an aperture of roughly 8km centered on the CO2 injection well CCS#1, with the three stations that 
include borehole sensors nearest to the injection well (Fig. 1). Orientations of the horizontal components of the 
borehole geophones were determined using waveforms from the Mw 6.9 Ferndale, California, earthquake on March 
10, 2014, resulting in an orientation uncertainty of less than 3 degrees.  
Routine event detection was carried out using a automated event detection and manual inspection of 
spectrograms to discern small magnitude events (M<0.0). Manual inspection is necessary due to the low signal to 
noise ratio. Local sources of noise near the network come from the nearby ADM and Caterpillar plants. Since July 
2013, we have been able to detect 74 events ranging in moment magnitude (Mw) from -1.52 to 1.07. We located 
events using the standard Geiger method to determine absolute hypocentral locations [10] and generally achieved 
absolute event location uncertainties less than 100 m horizontally and 200 m vertically. We calculated Mw by 
integrating the first displacement pulses of the P- and S-arrivals using source velocities from our 1-D model , 
calibrated against waveforms from  a synthetic event at a depth comparable to the majority of events [11,12]. 
3. Velocity model 
Event locations, especially depths, are critically dependent on an accurate velocity model [13]. We derived a one-
dimensional velocity using a vertical seismic profile (VSP) obtained by ADM and the ISGS in well CCS#1. We 
removed outliers and filtered the raw data using a moving average to achieve a less spurious differentiated velocity 
(Fig. 2a). We then fit piecewise constant segments to the differentiated continuous velocity measurements (Fig. 2b), 
using fixed width windows that roughly correspond to 140-m-thick layers. We tied in a shallow (< 150 m) acoustic 
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P-wave log from USGS borehole DEC02 and added the granite basement velocities of [14] to include a semi-infinite 
basement layer starting at 2.2 km. We simplified our velocity model slightly when adjacent layers exhibited similar 
velocities by averaging the layer velocities (c.f ., Fig. 2b and 2c, 1520-1870 m depth); this avoids numerical 
instabilities in the ray path calculations, which can arise due to velocity reductions with increasing depth [15]. 
 
Fig. 2.a) Depth vs. time from vertical seismic profile (VSP) in CCS#1 obtained from the Illinois EPA. b) Velocity estimates from backward-
difference (BW-diff) and piecewise-constant (PL) fitting to the VSP. c) 1D-velocity model adapted from piecewise-constant fit, granite basement 
velocity (below 2.2 km) from [14], and shallow values (< 150 m) from USGS acoustic P-wave log in borehole DEC02. d) Comparison of 
acoustic P-wave log from DEC02 and shallow portion of differentiated VSP data. Note different depth scales in a/b/c and d. 
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We observed three velocity inversions with increasing depth: at 970 m, 1520 m, and 1885 m. These lower 
velocity layers reflect the changing lithology from sandstones to shales between, for example, the Eau Claire Shale 
(1108- 1520 m depth in our model) and the Mt. Simon Sandstone (1520 – 2129 m). We constrain the ratio of P- to 
S-wave velocities by simultaneously inverting for microearthquake locations and velocity structure using a subset of 
earthquakes and arrived at a VP/VS ratio of 1.83. This is somewhat larger than the often assumed VP/VS ratio of 1.73 
(corresponding to a Poisson’s ratio Ȟ= 0.25), but is similar to values observed in sedimentary sequences, especially 
those that include siltstones and shales [16,17]. 
 
 
Fig. 3. Double-difference relocated micro-seismicity using differential travel times  from phase arrival picks and waveform cross correlation 
(correlation coefficient   0.7, see text for details).  Symbols scaled to Mw and color-coded by origin time, as in Fig. 1. Air photo (from Google-
Earth) is included for reference, but is not ortho-rectified. 
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4. Results 
Our initial locations show that seismicity at Decatur primarily falls into three separate clusters (Fig. 1). One 
cluster immediately to the north of the injection well (east cluster) extends to the north-northeast for about 1.0 km. 
Within this cluster, most events are located in the granite basement with a few located at shallower levels in the Mt. 
Simon Sandstone. This east cluster has been active since the start of USGS network operations. A second cluster to 
the west at a distance of about 2.0 to 2.6 km from the injection well was active for roughly three weeks in September 
of 2013 and includes only a few events.  The most recent cluster was observed to the north of the injection well and 
is located 1.8 to 2.3 km from the well, with the first events occurring in July of 2014. Each cluster includes events 
with Mw ranging from -0.5 to at least 0.8, with absolute hypocentral depths between 1.9 and 3.3 km.  All events are 
thus located in the lower Mt. Simon Sandstone or in the Precambrian granite basement. 
 
Fig. 4.Left) Depth vs Mw for the three separate clusters shown in Fig 3, symbols color coded by cluster and sized by event magnitude.  Right) 
Simplified stratigraphic profile showing the CO2 storage unit (Mt. Simon Sandstone) in relation to the cap rock (Eau Clair Shale), with 1-D 
velocity model and injection well superposed.  Note that depth in both panels starts at 1 km.. 
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We refine the locations of a subset of events by relocating these with double-difference methods [18] using 
differential travel times from phase picks and waveform cross-correlations to achieve high precision relative 
locations. We use all waveform pairs with cross-correlation coefficients larger than 0.7 and damped the solution to 
achieve a good compromise between retaining the maximum number of events while also reducing the RMS-errors 
in the locations. Of the initial 75 events, we retained 54 in the final relocated catalog. The resulting relocations 
indicate significant refinement of the clusters into more linear features, in particular for the central cluster nearest to 
the injection well. This central cluster forms a linear pattern with a north-northeast trend (Fig. 3). The western 
cluster sharpens slightly with a general trend from west-northwest to east-southeast, but the pattern is not as distinct 
and linear as for the central cluster.  The northern cluster also sharpens slightly, but a clear trend in seismicity is not 
readily apparent. Hypocentral depths after relocation remain in the same depth range as for the absolute depths, 
extending from depths of about 1.9 to 3.3 km (Fig. 4), or roughly at least 400 m below the Eau Claire shale caprock. 
Although injection occurs into the lower Mt. Simon Sandstone, most events were located in the granite basement. In 
fact, events with Mw  0.5 all were located in the basement, at least 700 m below the Eau Claire shale caprock. The 
western and northern clusters have comparable source depths, with no events found in the Mt. Simon Sandstone, 
while the central cluster appears to have source depths that are slightly shallower, including some in the Mt. Simon 
Sandstone.   
 
Fig. 5.CO2 injection rate (top) and wellhead pressure (bottom) from CCS#1 vs. event magnitude (middle) through time, starting with onset of 
injection in Nov 2011. Installation of the USGS network began in July 2013 (green line), with borehole stations coming online in September of 
2013. Injection data from the Illinois EPA. 
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We compared our seismicity catalog to wellhead pressure and CO2 injection rate at well CCS#1, from the start of 
its operation (Fig. 5). Wellhead pressure and CO2 injection rate remain nearly constant throughout injection, with 
wellhead pressure a9 MPa and CO2 injection rate a1000 metric tons/day. There appears to be no correlation 
between the occurrence of seismicity, in particular the onset of the western and northern clusters (discussed above), 
and any change in injection parameters. 
4. Conclusions 
We monitored seismicity at the CO2 sequestration demonstration site at Decatur, IL,  and detected 75 events since 
our network became operational in July of 2013. We located events as small as Mw -1.5 using  a combination of 
automated and manual inspection of the seismic records. The seismicity groups into three distinct regions: one 
eastern cluster closest to the injection well (< 1 km), a western cluster a2.4 km from the injection well, and a 
northern cluster a2.0 km north of the injection well.  The hypocenters in all three clusters are located at depths 
greater than 1.9 km, with the central cluster clearly showing events in both the Mt. Simon Sandstone and the 
Precambrian granite basement. High precision relocations of seismicity reveal more distinct patterns, in particular 
for the central cluster, which appears linear and trending north-northeast to south-southwest. This pattern suggests 
that seismicity may illuminate a pre-existing basement fault. Such clear lineations are not readily visible within the 
western or northern clusters. Hypocentral depths, both absolute and relocated, indicate that seismicity occurs 
significantly deeper, at least 400m, than the Eau Claire Shale, which forms the caprock for the Mt. Simon 
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